confidence intervals of calibration lines 23 and standard addition method. 24 As is well-known, refractive index detectors are useful for detecting materials possessing no absorbance in liquid chromatography (LC), but are susceptible to the flow pulsation of pumps. This pulsation induces an unnecessary error, and attention has been paid so far to the elimination of the pulsation by means of hardware. [25] [26] [27] [28] [29] The aim of this paper is to predict the standard deviation (SD) and relative standard deviation (RSD) of measurements (signal areas) in the refractive index detection of LC according to a prediction theory based on probability theory, called the FUMI theory (Function of Mutual Information). 19 Pulsation is the biggest block against this purpose. This paper also shows that the measurement SD with the pulsation is 1.5 times that without pulsation in a special case. In a practical sense, however, it is more important to restore the precision that was spoiled by pulsation rather than to estimate to what extent the pulsation affects the precision. This paper demonstrates that flow pulsation can be invalidated by an appropriate setting of the signal integration (virtual invalidation) and that the prediction of measurement SD is successful for chromatograms with pulsation. Good pumps showing no pulsation have become commercially available recently. However, the invalidation method of this paper is very simple, and will be useful for practical situations. The significant features of the method are: 1) invalidation of the pulsation can be carried out based on the power spectrum; 2) after invalidation, the measurement SD can be predicted. The digital recording of a baseline is the only experimental requirement for the method.
In general, the noise as it appears on the baseline is a combination of noises originating from the individual components of an LC system, i.e., mobile phase, pump, temperature controlling, detector and recording. This noise is characterized by the 1/f fluctuation in most cases. 4, 8, 19, 22, 30 The black line of Fig. 1 approximately shows the 1/f noise which is to be a straight line with a slope of -1 on the logarithmic scale.
On the other hand, the pump noise is regarded as being a medium term noise and looks like some oscillations. 25, 26 The noise has already been discussed by Scott.
31 Figure 1 also shows that the pulsation is so large that we can distinguish it from the 1/f noise. It is interesting that the pulsation is made up of the fundamental tone and harmonic like the sound of a musical instrument. However, this type of noise is the most difficult to eliminate, since it resembles chromatographic peaks. 26 The 1/f noise and flow pulsation both contribute to the measurement uncertainty. The FUMI theory can treat the omnipresent 1/f noise, and not straightforwardly the mixed random processes of the 1/f noise and pulsation, like Fig. 1 . The invalidation of pulsation described in this paper is necessary for circumventing this problem. The FUMI theory has been applied to chromatography, capillary electrophoresis and atomic absorption spectrometry. 19, 24, 32 This paper first describes the uncertainty prediction of LC with a refractive index detector. Although the measurement SD and RSD can be obtained by repeated measurements, here they are predicted from a single measurement of signal and noise.
Experiments
Dual reciprocating piston pumps, Tosoh CCPD (60 µl/stroke, called pump A) and Tosoh DP-8020 (6 µl/stroke, called pump B), were used for the uncertainty prediction. A Tosoh pulse damper (Accumulator) was equipped before a Shodex Ionpak KS-801 column (4×50 mm). The temperature of the column and Rheodine injector was maintained at 40˚C by a column oven. A Tosoh RI-8022 refractive index detector was equipped with a temperature controller. The mobile phase was distilled water and the flow rates were 0.4, 0.6, 0.8 and 1.0 ml/min. The sampling rate of the data acquisition system (MAC Integrator II) was 2 Hz, except for Fig. 4 (10 Hz).
Maltose was purchased from Tokyo Kasei and used without further purification.
Theory
The FUMI theory is briefly reviewed for understanding this paper. A detailed explanation of the theory has already been given. 19, 32 The measurement means the integration or summation of the intensities relative to the zero level over an integration domain. The zero level is an average of the intensities over a time domain, called the zero window. Here, the integration starts just after the zero window.
The time variation in the baseline is described as the mixed random processes of the white noise and Markov process. The white noise is a time-independent process with one parameter, but the Markov process has a timecorrelation (also called the auto-correlation) with two parameters. 33 The three noise parameters can be determined by the least squares fitting of the theoretical power spectrum of the white noise and Markov process to the observed noise power spectrum (see Fig. 1 ) and are in turn used for calculating the measurement SD in the time space. The noise in the frequency space (power spectrum) is utilized for the parametrization. Coupled with the information on the signal shape over the integration domain, the theory can provide the measurement RSD. The most prominent advantage of the theory is that the repeated measurements are dispensed with.
Results and Discussion
First, we examine the dependence of the pulsation on the flow rate. Figure 2 illustrates the baselines for an old pump (A) and new pump (B). The baselines for the pumps look different, but it is difficult to know the details of the difference by the visual inspection. The power spectra of the baselines can provide the exact frequencies and amplitude of the fluctuation (compare Figs. 3 and 4) . Note that the power spectra of Fig. 1 have a log-log scale, but those of Figs. 3 and 4 are the normal plots for clearer presentation.
Two major bands are spotted in the power spectra of pump A (see Fig. 3 ). At a flow rate of 0.4 ml/min, the rotation speed of pump A (dual piston type) is 0.056 Hz (=0.4/60/0.06/2), if the flow delivery is ideal. This frequency is close to the low frequency in Fig. 3 . The high frequency observed is almost twice the low frequency. Hereinafter, the low and high frequencies are called the fundamental tone and harmonic, respectively, from the terminology of acoustics.
The frequencies of the fundamental tone and harmonic are positively proportional to the flow rate. The frequency of the fundamental tone at a flow rate of 0.8 550 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 ml/min is almost twice that at a flow rate of 0.4 ml/min. This rule also holds true for the harmonic. Clearly, the cause of the excess fluctuation is the reciprocating motion of the pistons. The small bands appearing around 0.05 Hz in Fig. 3 are the 1/f components. Without the pulse damping system, stronger pulsation appeared. Schwartz, et al. found that the amplitude of oscillations in the baselines increased as the flow rate increased. 25 The amplitude was measured as absorbance in gradient liquid chromatography and the cause of this noise was generally attributed to the poor mixing of different solvents. However, this does not seem to be the case for the pulsation in our system, possibly because the mixing process is not involved here. The pumps, detectors and noise expression (time or frequency space) are also different. Figure 4 shows the noise power spectra for pump B. The stoke volume of pump B is a tenth of that for pump A and at the flow rate of 0.4 ml/min, the frequencies of the fundamental tone and harmonic will thus be 0.56 551 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 and 1.1 Hz, respectively, for pump B. At a flow rate of 1.0 ml/min, they will be 1.4 and 2.8 Hz, respectively. From the power spectra covering up to 5 Hz, it can be concluded that the new pump produces no substantial pulsation. The power spectra of pump B were observed to be almost the same as those of pump A, except for the pulsation components. The chromatogram of maltose is illustrated in Fig. 5 . The peaks of maltotoriose and oligosaccharides existed before the maltose peak, overlapping the maltose zero window. However, they are too small to spot in Fig. 5 and are neglected for the uncertainty prediction.
Second, we experimentally prove the usefulness of the FUMI theory in the refractive index detection in the absence of the pulsation. In Fig. 6 , the theoretical RSD ( ) exactly coincides with the observed RSD ( ) over a wide concentration range. We should note that the theoretical RSD line is not the fitted line to the observed RSD values, but is obtained from a single baseline and peak shape which are independent of the data to observe the RSD. That is, the precision is predicted by the FUMI theory without repeated measurements.
The experimental RSD in Fig. 6 can give direct proof for the uncertainty, but it is known to be an imprecise estimate, except for a great number of degrees of freedom (e.g., n=50). 23 Therefore, the Monte Carlo simulation with a large repetition number is used hereafter to study the statistical influences of the pulsation in some situations where the repeated measurements are unrealizable because of time and effort.
The following procedures of the Monte Carlo simulation are adopted: a pair of the zero window and integration domain (see Fig. 5 ) is chosen randomly over the real baselines; the zero level is calculated as the average of the intensities included in the zero window; the "false" area created by the baseline alone is determined by summing the baseline intensities relative to the zero level over the integration domain; the SD of the false areas are obtained by repeating the above procedures many times (n=500). This SD corresponds to the measurement SD at low sample concentrations. 19 The injection error which outweighs the baseline noise at high concentrations is omitted here for simplicity. Figure 7 shows the dependence of the measurement uncertainty on the zero window and integration domain for pump B. The theoretical SD ( ; see the theoretical section) is in good agreement with the SD from the Monte Carlo simulation ( ). From the results of Figs. 6 and 7, it follows that the uncertainty derived from the experiments, Monte Carlo simulation and FUMI theory is equivalent in the limited situations.
In general, not only the integration domain but also the zero window affects the precision. 32 The zero level should be subtracted from the intensities at every data point involved in the integration domain and the uncertainty of the zero level is multiplied by the integration. As the zero window widens, the measurement uncertainty first decreases rapidly and then slightly increases (see Fig. 7A ). This result can be interpreted by the probabilistic aspects of the baseline noise. 32 The measurement SD increases with widening integration domain (see Fig. 7B ). Note that the measurement RSD often has a minimum due to the signal shape. 34 Finally, we take the virtual invalidation of the pulsation. Around the zero window of 10 data points in Fig.  8A , the measurement SD from the FUMI theory ( ) is about two thirds that from the Monte Carlo simulation ( ). This underestimation is attributable to the pulsation (see below). If the zero window is equal or close to the time period of the pulsation fundamental tone (36 data points=1/0.056/0.5), almost all the intensities of the fundamental tone can be canceled over the zero window. The harmonic can also be invalidated. Now, the measurement SD values from the FUMI theory and 552 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 Monte Carlo simulation are the same (see Fig. 8A ). Above the period of the fundamental tone, the significance of the pulsation seems to dwindle, possibly because of the averaging of more data points to determine the zero level.
The Monte Carlo simulation uses the real baseline noise and its results retain the effect of the pulsation. On the other hand, the FUMI theory approximates the baselines in terms of the white noise and Markov process alone. The theoretical power spectrum is a smooth line without any discontinuous points (see Fig.  1 ) and even the best fit to the real power spectrum fails to take the discrete pulsation components into account. Consequently, the FUMI theory underestimates the measurement uncertainty in the presence of the pulsation, unless the virtual invalidation of the pulsation is carried out. In this case, the SD from the FUMI theory means the uncertainty from the 1/f noise alone.
Strictly speaking, the integration domain should be a multiple of the time period of the pulsation fundamental tone. However, once the appropriate zero window is selected, the pulsation is virtually invalidated with any integration domain examined (see Fig. 8B ).
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